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CHAPTER 
INTRODUCTION 
1,1 Naturally Occurring Radiations 
Radiation Is a part of natural environment. The 
sources of natural background radiations affecting the human 
hody are extra-terrestrial and terrestrial. The extra-
terrestrial natural radiations originate essentially from 
outer space and are thus called cosmic rays. The terrestrial 
natural radiation comes from constituent elements of the earth 
40 2'52_ 2*58 
which are mainly K, "^^h and "^ U and their decay products. 
These radiations irradiate the human hody from outside and 
constitute 'External Exposure*, Exposure from naturally 
occurring radionuclides which are taken up Into the hody 
through normal physiological pathways is called 'Internal 
Exposure', It Is estimated that a man has about 5000 Becquerel 
40 (Bq) radioactivity In his body mainly due to K. 
The naturally occurring radioactive substance which 
Becquerel discovered in 1896 was a mixture of several Isotopes 
which were later found to be related to each other. They 
were the members of long series of Isotopes of various elements, 
all of which were radioactive except the last stable isotopes. 
Uranium, the most abundant of the radioactive elements In this 
mixture consists of three different IsotopesS about 99.3^ of 
238 «/ 235, 
naturally occurring uranium Is U, about 0,7y» is "TJ, and 
a trace quantity (about 5 x 10"^%) is ^^\j, ^'®U and ^^\l 
belong to one family, the uranium series, while the 
235„ 
Is 
the first member of another series called the actinium series. 
The most abundant of all naturally occurring radioisotopes, 
232 
Th, is the parent member of still another long chain of 
successive radioisotopes. All these radioactive series have 
several common characteristics, 
( i) The first member of each series is very long lived with 
half-lives that may be measured in geological time units. 
( ii) Sach series has a gaseous member and furthermore the 
radioactive gas in each case is an isotope of the element 
radon, 
(ili) The end product in each case is stable and isotope of 
lead. In the case of uranium series, the final member 
is stable Pb, in the actinium series it is Pb 
208 
and in the thorium series it is Pb, 
In the case of uranium series, the radioactive gas 
222 220 
Rn is called radon; in the thorium series the gas, Rn 
is called thoron while in the actinium series it is called 
actinon ( Rn), The existence of the radioactive gases 
in the three chains is one of the main reasons for the 
presence of naturally occurring environmental radioactivity. 
The radon isotopes are listed in Table-1.1 with their principle 
characteristics. The radon which is the longest lived 
radioactive gas out of the three, can diffuse out of the earth 
into the air from large distances. It enters the atmosphere 
by crossing soil air interface. The radioactive radon 
daughters which are solids under ordinary conditions, attach 
themselves to aerosols and atmospheric dust and thus become 
airborne. Atmospheric radon concentr.ntions in atmosphere vary 
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widely and depend on the local concentrations of uranium in 
soil, rocks and minerals there, Altbougb the probable 
atmospheric radon concentration is of the order of 2.0 Bq/m , 
concentrations 10 times greater are not uncommon. Since the 
radioactive radon daughters are found on the surface of 
atmospheric particulates and since air-borne particulates are 
washed out of the atmosphere by rain, it is reasonable to 
exnect increased background radiation during periods of rain. 
This phenomenon is in fact observed and must be considered by 
health physicists and others when interpreting routine monitoring 
data. 
Measurements of radiation levels have been done 
throughout the world and are found to vary considerably from 
place to place. In some areas they are much higher and the 
population living there receives proportionately higher 
exposures. The regions of the highest radiation levels on 
the earth are found in Brazil, China, France and India. The 
composition of the total population exposure in India from 
various sources is depicted in the figure 1,1 . It can be 
observed that the natural radiations contribute major part of 
human exposure followed by medical and other man-made radiations, 
1.2 Bxtemal and Internal Exposure 
The total radiation exposure both external and internal 
resulting from natural and man-made either from occupational 
or other sources is important for assessing the effects of 
NATURAL 79 r/o 
MEDICAL 1Gr/o 
A m i F l C I A L 4 . 1 % 
PHOSPHOGYPSUM 3 27<. 
FALLOUT 0 5% 
MISCELLANEOUS 0 25% 
PHOSPHATE FERTILIZERS 0 04°/. 
COAL BASED POWER STATIONS 0 Oi"/ 
RADIOACTIVE DISCHARGES 0 0003% 
All^ TRAVEL 0 0C2% 
OLCUPATlOf -AL S^iPObURE O.0C5% 
Fig.1.1 The composition of the total population exposure 
in India. 
radiation on population. The external exposure is due to 
cosmic rays from extra-terrestrial sources and from terrestrial 
radiation sources. These radiations irradiate the human body 
from outside. The highly energetic radiations hitting the 
earth are known as primary cosmic rays. While reaching the 
earth, these radiations interact with the atoms of the 
atmosphere resulting in the production of secondary particles 
known as secondary cosmic rays. 
The terrestrial radiation of the natural background 
depends upon the constituents of soil, rocks and ainerals. 
Soil and rocks have trace uranium and thorium which vary widely. 
Estimated average concentrations in soil due to uranium and 
-1 2 
thorium series are 25 Bq Kg each , The inert gas radon which 
is the decay product of U-series is transported through the 
soil into dwellings via cracks and other openings in the 
2*58 2*52 40 building materials. The concentrations of U, Th and K 
in soil and rocks are of the crucial importance for the external 
radiation exposure of the population. There are regions where in 
contrast to the 'normal' radiation, higher concentrations of 
radon in the indoor and outdoor environment have been found. 
These areas are known as high background areas. 
In the case of cosmic rays and terrestrial background 
radiation, homogeneous whole body irradiation is assumed quite 
often while with internal radiation only circumscribed areas 
of the body are exposed to radiation. The radionuclides leading 
to internal exposure mainly enter the human body through 
Ingestion and inhalation. These radionuclides are either 
cosmogenic (i.e. produced l)y the interaction of cosmic rays 
with atoms in the upper atmosphere) or premordial in the sense 
that they existed in the earth's crust. Internal exposure 
from cosmogenic nuclides such as H, Be, C, rJa are the only 
components with some significance. The main sources of 
premordial radiations are the radionuclides of the natural 
40 87 
uranium and thorium series as well as K and /Rb. The major 
fraction of internal dose received by the human beings is due 
222 to the inhalation of radioactive gas radon ( Rn) and its 
decay products. They are responsible for about 60% of the 
effective dose equivalents from Internal emitters. In the 
kO 220 
decreasing order of Importance are K (13^), Rn (13^) and 
''10 2l0 
Pb- Po (8^), The effective dose equivalent from all 
Internal sources is estimated to be about twice that from 
external irradiation, Table-1.2 summarizes the contributions 
of natural sources to the exposures of people living In areas 
3 
of normal background radiation , In addition to natural 
background radiation, man is exposed to the sources of radiation 
created by man himself, called man-made radiations e,g, x-rays 
and other types of radiations used for medical purposes, fallout 
from testing of nuclear weapons, occupational exposure from 
nuclear and other industries and radioactive materials released 
In the course of nuclear power production, 
1,3 Indoor Radon and its Progeny 
The main source of radon is natural uranium found 
Table-1.2 
Estimated effective dose equivalents from natural 
sources in normal background area 
Source of Irradiation Annual effective dose equivalent 
(/LSV) 
•' 1 I 
External Internal 
Irradiation Irradiation 
Total 
COSMIC RAYS 
- Ionizing component 
- Neutron component 
COSMOGBNIC RADIONUCLIDES 
PRIMORDIAL RADIONUCLIDES 
40 K 
87. Rb 
238, 
U series 
238 
U 234 U 
230, 
226 
Th 
Ra 
222Rn 
2"pb 
253rh 
"*Po 
2"Po 
series 
232, 
Th 
228 Ra 224 Ra 
220 Rn 208 Tl 
280 
21 
120 
90 
140 
-
-
15 
180 
6 
10 
7 
7 
800 
130 
280 
21 
15 
300 
6 
1044 
3 
13 
17 326 
Total(Rounded) 6'^ 0 1340 2000 
^R>-i\: imscivn (idin)^ 
throughout tbe earth's crust. Natural uranium is the heaviest 
and radiotoxic trace elenent present In almost all soils, 
Minerals, rocks, sand and water etc. The concentration of 
uranium in few ores lies between 40 and 60^ while its average 
concentration in the earth's crust is estimated to be c=i4 x 10 % 
238 Uranium series has U as the parent element with a very long 
o 
half life of k,5 x 10 yrs which is nearly the age of earth. 
It supports a series of 13 main decay products with several 
collateral radionuclides (Figure 1.2). 
The primary sources of indoor radon are subsoil 
emanation, walls, floors and ceilings which are made from 
different building materials. The secondary sources are water, 
gas etc. Subsoil emanation which is tbe significant source of 
indoor radon, increases with cracks in the base structure or 
floor acting as entry points of subsoil air. Figure 1.3 
illustrates the various possible entry routes of radon from 
soil to tbe indoor atmosphere. Domestic water drawn from the 
underground sources may be an important source, when the radon 
-3\ 3 
concentration in water is above iO(K Bq m ) , Underground 
water comes into contact with cavities and cracks in rocks 
where radon is accumulated on its way to the earth's surface. 
As a result abnormal concentrations can be found in associated 
water supplies. Natural gas containing radon can also be a 
source of its presence inside rooms. Radon enters natural gas 
in the earth by diffusion and travels along with it to the 
collection wells. 
238 U 
(^.^7 X lO^Y) 
o C ^ 
(1 ,17 min) 
> 234 U 
(2.45 X 1(?Y) 
c<; 230^^ 
(8 X lO^Y) 
oC 226 
'da 
(1.62 X ICPY) 
ex: 222Hn 
(3.823 d) 
oC 2i8po 
(3 .05 n in ) 
oC 21^Pb 
(26,8 min) 
- - - > 
21^Bi 
(19.7 min) 
^ 
>^ 
2i^Po 
(1.64 X 10"'^s 
oC 
) 
2i0pt 
(22.3 Y) 
> (5 .01 d) 
- ^ - > 
210p, 
(138.4 d) 
e<r 
206 
- > 
Pb 
Stab l e 
O'XO 
Fig., 1.2 Uranium (" U) decay a e r i e s . 
1 •» 
1. Cracks In solid floors 
2. Construction joints 
3. Cracks in walls below ground 
k. Gaps in suspended floors 
5. Cracks in walls 
6. Gaps around service pipes 
7. Cavities in walls 
Fig. 1.3 Possible entry points of radon from soil 
Building m a t e r i a l s incorpora t ing r e s i d u e s from 
oof. c 
i n d u s t r i a l wastes may a l s o have higher Ra c o n t e n t s . There 
i s a p o s s i b i l i t y of p o t e n t i a l l y wider imp l i ca t i ons i n t h e use 
of wastes from process ing sedimentry phosphate o r e which 
238 
c o n t a i n s s u b s t a n t i a l concen t r a t i on of the U s e r i e s . One 
such by-produc t , pbosphogypsum, may be used as b u i l d i n g m a t e r i a l 
p a r t i c u l a r l y in c o u n t r i e s wi th l i t t l e n a t u r a l gypsum and thus 
226 
may have h igher c o n c e n t r a t i o n of Ra, Another example of 
p o t e n t i a l importance i s the use of f ly-ash from coa l -bu rn ing 
power p l an t s by i nco rpo ra t i ng i t i n to concrete s i n c e f l y - a s h 
one. 
c o n t a i n s Ra at concen t r a t i ons ranging upto s e v e r a l hundred 
Bq K5 , ^ Inc rease in t h e Ra content must be expected 
in concre tes and b r i c k s con ta in ing a few percent of f l y - a s h 
by weight , 
226 Radon-222 i s t h e immediate daughter of Ra and i s 
226 
cont inuous ly produced whereever Ra e x i s t s . M a t e r i a l s which 
emit radon do not emanate radon decay products in p r a c t i c e . 
Radon emanating i n t o the a i r causes t h e bu i ld -up of i t s 
2lft 214 210 
daughte r products Po (Ra-A), Pb (Ra-B) and Bl (Ra-C). 
A f r a c t i o n of the s o l i d radon decay products r e l e a s e d i n t o a i r 
a r e a t tached t o the a e r o s o l s and dust p a r t i c l e s and become 
a i r b o r n e . Unattached f r a c t i o n i s highly mobile and may ge t 
depos i ted on t h e w a l l s and o the r surfaces in t h e room, known 
as p l a t e ou t . The bu i l d -up of radon and i t s d a u g h t e r s 
concen t r a t i ons indoors r e q u i r e s a t t e n t i o n towards t h e r a t e a t 
which radon i s genera ted in source m a t e r i a l s , t h e modes of 
T n 
radon transport through various materials and finally the 
manner in vblch radon actually enters into the indoor 
atmosphere. 
Radon and its progeny come in equilibrium in the 
indoor air. The equilibrium factor is required when dose 
calculations are made on the basis of the measurements of 
radon concentrations. The factors influencing the radon 
concentration in indoor atmosphere c^ n be divided into two 
groups, 
( i) Locally dependent factors: Such as building materials, 
location of building and location of rooms inside the 
building, 
(ii) Time dependent factors: Exhalation from the surrounding 
walls and from soil underneath the building, ventilation 
conditions, radon content in outdoor air and metereological 
parameters (atmospheric pressure, humidity, wind and 
temperature), 
l,k Health Hazard due to Radon Daughters 
The importance of the contribution of environmental 
radon to natural radiation dose has been realized for the past 
decade. It is now widely recognised that radio-biological 
22'' hazards associated with "Rn are the largest single contribution 
to the radiation dose to the human beings. The interest in the 
study of radon is mainly due to its detrimental effects on 
human beings. Although we speak of radiation hazards due to 
1_^  
e:Kpo9ure to radon, it is readily the radon progeny which 
subjects the respiration system to alpha dose. Radon gas is 
exhaled easily as it is inhaled, but its decay products are 
short lived and they decay completely insitu at the site of 
deposition without getting translocated. Alpha dose due to 
these decay products is 20 times in magnitude to the dose 
delivered by gas itself assuming equilibrium. Radon progeny 
readily attach to aerosols and fine dust particles which are 
inhaled and deposited on the surfaces of the bronchial tubes. 
Being sufficiently short lived they decay with emission of 
radiation including energetic alpha particles before normal 
clearance mechanisms can remove them. As a consequence, the 
bronchial epithelium receives many times higher radiation dose 
than other organs of body and may cause lung cancer. There is 
an abundance of information on lung cancer caused by exposure 
of miners to radon, giving the highly desirable situation of 
identical types of exposure at high and low levels of radon. 
Lung cancer is the most common form of the lethal 
cancer in most industrialized countries accounting for about 
one fifth of all cancer deaths. In many countries the 
proportion is still higher , The most common type of lung 
cancer known as bronchogenic is found in the bronchial airways 
situated in the central part of the lung. Cancers mainly found 
in the large airways are classified as epidermoid tumours and 
In small airways as carcinomas. 
While breathing, Inhaled aerosols attached with radon 
progeny, can l)e trapped by the sticky mucus on the bronchial 
airways. The sensi t ive basa l ce l l s located Just beneath the 
inside surface of the bronchial airways are within the range 
of ^ r - r ad i a t i ons emitted by the radon daughters. These alnha 
radia t ions i r r ad ia t e the basal thin layer of bronchial t r e e . 
Some of the factors effect ing the basal ce l l s are the age of 
the person^ size of ae roso l s , breathing pa t te rn , and the speed 
with which mucus c lears the aerosols out of the lung by 
physiological processes. 
The respira tory t r a c t where radon progeny are most 
l i t e l y to be deposited can be divided in to three regions 
(Figure 1,4) on the bas i s of anatomy and functions, namely 
the Nose-Pharynx (N-P), Trachea-Bronchi (T-B) and Alveolar-
I n t e r s t i t i a l (A-l) reg ions . The N-P region humidifies the 
inhaled a i r and f i l t e r s the dust and aerosols . Although the 
radon progeny can be deposited along t h i s upper r esp i ra to ry 
t r a c t , there is no evidence from mining population tha t radon 
7 progeny increases nasal cancer r i sk , Ionizing rad ia t ion 
causes both determinist ic and s tochas t ic effects in i r r a d i a t e d 
t i s s u e s . If the dose is large enough, determinist ic ef fec ts 
resu l t in k i l l ing of c e l l s . The s tochas t ic effects p a r t i a l l y 
damage the ce l l s r esu l t ing in mutation of ce l l s and cancer. 
ALPHA RADIATION DAMAGE 
NASOPHARYl-iGEAL 
N-P 
TRACHEA-BRONCHJl 
T-B 
ALVEOAR -
inrijji:.TiTiAL 
Fiig. 1.4 P i f f e r e n t r c ' d o n s of lungs where r adon progeny 
cnn 1)0 dopoG i l o d . 
CHAPTER 
SOLID STATE NUCLEAR 
TRACK DETECTORS 
1 -T 
2,1 Introduction 
Experimental studies in various areas of nuclear 
science and applications of nuclear techniques to other branches 
of science inevitably involve detection of nuclear radiations. 
The charged particles include electrons, protons, alpha 
particles and other energetic ions usually referred to as 
heavy ions. Neutrons and the electronagnetic radiations 
like x-rays and V-rays are neutral radiations. 
Nuclear radiations are detected through their interaction 
with matter. Charged and uncharged radiations loose energy 
while traversing through matter. The energetic charged particles 
interact by coulomb interaction with the electrons of the 
medium and due to this atoms and moleculesof the medium get 
excited and ionized. These excitation and ionization events 
are so numerous that the energy loss of the incident particle 
is continuous. Mostly nuclear radiation detectors are based on 
sensing either the free charge carriers or the photons. Those 
which depend on the detection of the free charge carriers are 
classified under the category of ionization "based detectors. 
The detectors sensing the luminescence photons are called 
scintillation detectors. The detectors which operate on the 
basis of producing visible tracks along the trajectory of the 
impinging charged particle are called track detectors. Since 
neutral radiations can not interact with the matter, their 
detection is made possible by the process through some 
interaction with matter in the first step and then subsequent 
detection of tbe charged particle in the second step. 
The most commonly employed detectors are the gas 
filled counters, scintillation detectors, semiconductor 
detectors and track detectors including tfie etchable solid 
state nuclear track detectors (SSNTD's). The development of 
the gas filled detectors such as proportional counters, 
Geiger-Muller (GM) counters and avalanche counters are "based 
on the internal amplification of free charge carriers tiy 
secondary ionization process in the gas through the high 
electric field. Although the gas detectors are amongst the 
oldest type of detectors, the development of semiconductor 
detectors in the early sixties was certainly a breakthrough 
in the field of radiation detectors because of their unmatched 
energy and resolution capability. The gas detectors due to 
being position sensitive are again in use in heav\' ion 
reactions. The most well known of the detectors based on 
track visualization are the photographic imulsion plates, 
cloud chambers, bubble chambers, spark chambers and solid 
state nuclear track detectors. All these track detectors 
find applications in high energy and cosmic ray physics 
research and also in various other fields. 
2.2 Development of SSNTD 
The development of solid state nuclear track detectors 
is about a quarter century old. The track recording properties 
8 9 
of insulating solids were first revealed at AERE, Harwell ' 
1 n 
where experiments were in progress to study the nature of 
damage produced by r a d i a t i o n s . The credi t for development 
of a new pa r t i c l e de tec tor goes t o Fleischer, Price and 
Walker of the GSC, Schenectady, USA, who begain in 1961 where 
Q 
Silk and Barnes (1959) left off. They also established the 
possibility of application of SSNTDs in nuclear science and 
geophysics. After the publication of first review paper of 
Fleischer et al, many scientists started working on SSNTDs 
and their applications in different laboratories which has led 
to the growth of fundamental knowledge and technological 
applications. 
The extreme simplicity of the technique coupled with 
the lack of dependence on costly electronics and the availability 
of a variety of detectors with different sensitivities to charge 
particles make them particularly useful in the investigations 
in diverse fields. 
Since then the field has grown to such an extent that 
there is hardly a branch of science and technology today where 
they do not have an application. Some of these fields are 
fission and nuclear physics, space physics, study of meteoritic 
and lunar samples, cosmic rays, particle accelerators and 
reactors, metallurgy, geology archaeology, nedicine and 
biology etc. 
2.3 Track Formation 
2.3.1 Track Formation In Solids 
Insula t ing so l ids l ike mica, g l a s s , p l a s t i c s e t c . are 
capable of recording the charged pa r t i c l e s passing through them 
including many others (z i rcon, sphene, quartz , and apa t i t e ) 
which record the charged pa r t i c l e s and are known as sol id s ta te 
nuclear t rack detectors (SSNTDs). After the passage of charged 
pa r t i c l e s through insu la t ing sol ids , narroif paths of intense 
damage are created on atonic scale which are general ly called 
the la tent t r a c k s . The existence of these t racks was f i r s t 
o 
recognized hy D.A.Young , Young observed tha t l i thium flouride 
(LiF) crj'-stal held in contact with a uranium f o i l and i r rad ia ted 
with thermal neutrons revealed number of etch p i t s a f t e r 
treatment with a chemical reagent. The number of f i s s ion 
fragments which would have recoiled into the c r y s t a l s from the 
f o i l , were in good agreement with the number of etch p i t s 
observed in the c r y s t a l . The damage t r a i l s produced in mica 
9 
in the same way were d i rec t ly observed by Si lk and Barnes 
using transmission e lec t ron microscope^ vhere the t racks 
appeared as h a i r . La ter on Fleischer , Price and Walker (1961) 
did the extensive development of th i s method of observing 
nuclear tracks in insu la t ing solids at the General E lec t r i c 
Research Laboratory a t New York, 
Track formation depends upon the process by which 
heavy ions loose energy as they pass through, slow down and 
stop in a so l id . When a fast moving p a r t i c l e moves through 
sol id , due to in t e rac t ion of orbi ta l electrons of the atom and 
O 1 
<- A 
those around the atoms that make up the solid, It looses all 
or some of its orhital electrons. 
The characteristic property of heavy charged particles 
passing through matter and the one which has heen used extensivel; 
as convenient method for their detection and for the measurement 
of their energy is ionization which they produce along their 
paths. In an ionization process the charged nuclear particle 
transfers some of Its kinetic energy to the atomic electrons 
with which it encounters. The electrons are thereby either 
raised to an excited energy state or completely removed from 
the atom, thus causing it to become ionized. These heavy 
charged particles loose their energy mostly by ionizing the 
atoms of the absorbing material in which they pass through, 
2.3.2 Criteria of Track Formation 
Particle tracks are formed in many insulating materials 
11 
and some semiconductors, but not in metals • Track formation 
in solids mainly depends upon 
( i) Total energy loss rate (J = dE/dx) 
(il) Angle of incidence of the ion with respect to the detector 
surface. 
The rate at which the ion loses energy (j s dE/dx) or 
causes certain alteration in solid is related to the production 
of track in that material. The value of this energy loss J must 
be higher than a particular value called critical value J for 
c 
track formation. The value of JQ for one solid is same for all 
O 1 
the par t i c les and i s different for different s o l i d s . 
The incidence angle of the ion with respect to the 
surface of the de tec tor also detennines the t rack formation 
in the detector . There exis ts a cer ta in angle 0^ (angle 
between the d i r ec t ion of incident ion and the surface of the 
detector) such tha t the incident-charged p a r t i c l e s entering 
the detector surface a t an angle less than a ce r t a in minimuin 
value 0 , i t s t rack can not be revealed "by chemical etching. 
2.3,3 Theories of Track Formation 
When a charged ion of atomic number Z traiverses the 
so l id , i t s o rb i ta l e lec t rons interact with the e lect rons of the 
atom of which the so l id i s made of. As a r e s u l t a fas t moving 
atom of atomic number Z would rapidly become an ion by being 
stripped of a l l or some of i t s orbi ta l e l e c t rons . Therefore, 
osi 
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the ion acquires a net p i t ive charge Z which can be 
emnirically expressed as ' 
Z* Z [ l - exp (-130 p/z2/3)] . . . (2.I) 
where fi is the speed of ion re la t ive to the veloci ty of l i g h t . 
At higher ve loc i t i e s Z >^ Z and the dominant in te rac t ion is 
due to the e l e c t r i c a l force between the ion and atomic electrons 
Jin the so l id . As a r e su l t of t h i s in te rac t ion , atomic electrons 
in the solids can be excited to high energy leve ls or can be 
s t r ipped out of the atom. In polymers, exc i t a t ion can lead to 
o n 
the breakage of molecular chains and formation of free r ad i ca l s . 
The ejected out electrons in atoms ca l led delta rays, can cause 
fur ther ionization and exci tat ion i f they have enough energy. 
In inorganic sol ids primary ionizat ion i s the major source of 
the t rack damage and the secondary ef fec ts of delta rays are 
unimportant. However, in polymers primary ionization as well as 
del ta rays contribute to the formation of t r ack . 
Different models have heen proposed to explain the 
mechanism of t rack formation in d i f f e ren t materials such as , 
( i ) Thermal spike model 
( i i ) Displacement spike model 
( i i i ) Ion explosion spike model 
( iv) Restr icted Energy Loss model ( R E L ) , 
( i ) Thermal spike model 
The concept of t h i s model was introduced as a mechanism 
Ijy which energetic p a r t i c l e s could produce considerable 
d is rupt ion of c rys ta l l a t t i c e . In t h i s model the passage of an 
energet ic p a r t i c l e i s assumed to produce intense heating in a 
local ized region of the l a t t i c e . This region i s , therefore, 
ra ised t o high temperature, from which i t cools rapidly by 
heat conduction. As a resu l t of t h i s heating episode, various 
atomic processes are activated and damage to the l a t t i c e i s 
produced. This theory could not be well established for the 
t rack formation because the experiments did not show def ini te 
cor re la t ions between the s e n s i t i v i t i e s of the detector materials 
and temperature of the phase changes. 
(ii) Displacement Spike model 
According to this model the passage of the particle 
alters the solid along the path hy displacing atoms In the 
particle-nuclei collisions. This model was rejected as it 
could not explain the non-formation of tracks in metals. 
According to it, tracks should he more prevalent near the end 
of the range of energetic particles. It is due to the fact 
that the loss of energy hy particle-nuclei collision becomes 
more efficient as the velocity of particle decreases. 
(ill) Ion Explosion Spike model 
This model was put fon/ard hy Fleischer and his 
co-workers which could successfully and satisfactorily explain 
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the track formation mechanism in dielectric solids , According 
to this model, a positively charged particle knocks out the 
orbital electrons of the atom lying in and around the path of it, 
producing a region full of positive Ions along the trajectory of 
ionizing particle. These positive ions thereupon repel one 
another, perturbing the regular lattice in a crystalline solid, 
producing a more or less cylindrical region of ion (Figure 2.1), 
On the other hand in the organic polymer, the charged particles 
break the long molecular chains by ionization and excitation 
and new species which are highly chemically reactive are formed. 
These latent damage trials can be seen at high magnifications 
(30,000 X) under a transmission electron microscope. However, 
the electron microscope is not suitable for the observation 
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of these latent tracks for various reasons. These difficulties 
may "be overcome ty the use of 'etching process* i.e. the damage 
trails can "be 'developed' and fixed "by using an appropriate 
etchant . 
Based on the Ion Explosion SpiLce model, the requirement 
of track formation is that the coulomb repulsive forces with-in 
the ionized region should be sufficient to overcome the lattice 
bonding forces, i.e. the electrostatic stress should be greater 
than the mechanical strength or bonding strength. When two ions 
in a material of dielectric constant C and average atomic 
spacing a^ have received an average ionization of n unit charge e, 
2 2/ 2 the coulomb forces between them is n e /£ a^  and the electrostatic 
2 2/ 4 force per unit area will be n e /£ a^. For a material of Young's 
modulus Y, the bonding force of the lattice may be taken to be 
Y/lO as a working approximation , Therefore, the criterion 
for track formation can be expressed as-
n2e2 > Y_ . . . (2.2) 
e 4 10 
i 
10 e^  
or n^  > R = -2. . , . (2,3) 
where R i s s t r e s s r a t i o and is the measure of the r e l a t i v e 
s e n s i t i v i t y of di f ferent materials in which the t racks are 
formed. 
For t racks to be atomically continuous, there must be 
«-» - I 
at least one ionization event per atomic plane, Fleischer 
et al. showed that, roughly speaking, this criterion is 
satisfied over the regions of incident particle trajectory where 
tracks are formed. If positive ion core is to survive long 
-13 
enough ( i . e . for '^±0 s) for a track to form, then the free 
electron density n . must be low. Quanti tat ively t h i s implies 
where, JOl i s the e lec t ron mobili ty; T, the absolute tenrperature; 
K, the Boltzmann's constant ; t , the diffusion time for e lectrons 
-13 (tyi5ically 10 s) and the other symbols having t h e i r usual 
meanings. This condition i s sa t i s f ied by insula tors but not 
by metals. The pos i t ive ion core contains a high concentration 
of holes. The hole mobili ty should not be too high, otherwise 
the core would be neutra l ized before repulsion could take p lace . 
In semi-conductors and metals the hole mobility i s too high a t 
room temperature. So only insulators sa t i s fy both the conditions 
for the formation of t r a c k s , 
(iv) Restr icted Energy Loss model 
A new c r i t e r i on for the r e s t r i c t ed energy loss was 
Ik proposed by Benton and Nix in 1969. Along with the primary 
ionization i t takes into account the secondary ionizat ions and 
excitat ions which are produced by low energy recoi l e lect rons 
(low energy d e l t a - r a y s ) . An etchable t rack i s formed by the 
pa r t i c l e passing through the solid when the r e s t r i c t e d energy 
loss of the particle exceeds the critical value. By restricted 
energy loss one means the energy loss by the particle due to 
distant collision between it and the electrons of the solid. 
2A Threshold Characteristic of SSNTDs 
f 
Experimentally it has been found that the SSNTDs are 
threshold 
/type of passive detectors. The relative sensitivity of the 
SSNTDs Is understood in tertns of critical value of primary 
15 ionization (j) .. or critical value of restricted energy 
loss rate (RBL)^^.. or (dE/dx)„^ .. . . Practically for 
crit. *^^crit. 
every SSNTD there exists a critical value of material damage 
only above which the tracks become etchable. (J)__.^  . or 
cr iT • 
(REL)y^ „ represents t h i s c r i t i c a l damage. I f a p a r t i c l e 
c r i t . 
produces an exci tat ion and ioniza t ion in a SSNTD to such an 
extent that resul t ing damage is above the (J)«j.j+ or (^^^)«j.4 + 
for that mater ia l , i t s t racks can be preferen t ia l ly etched and 
observed with the help of a microscope. If the damage produced 
by any p a r t i c l e is less than J^ for a given SSNTD, the t rack of 
that p a r t i c l e can not be etched in tha t SSNTD, These threshold 
or c r i t i c a l values are shown by hor izontal l ines in f igure 2 .2 . 
15 Fle ischer et a l , obtained these l i n e s by experimentally 
detecting the reg i s t ra t ion and non-regis t ra t ion of t racks of 
accelerated heavy ions. The figure shows the wide v a r i a t i o n 
in response extending from tha t of ce l lu lose n i t r a t e which wi l l 
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r e g i s t e r low energy protons , t o those of minerals so 
insens i t ive that they wi l l not r e g i s t e r even Argon ion at i t s 
maximum ionization ra te * . I t is evident from the figure 2,2 
0-2 0-4 0-6 
Velocity,^ = V/^ 
Fig,2.2 Damage density (or ionization rate) 
vs velocity. 
n n 
t h a t p l a s t i c t r a c k d e t e c t o r s are most s e n s i t i v e type of SSNTD's 
because t h e t h r e s h o l d represented by e l e c t r i c a l va lue of 
primary i o n i z a t i o n , J Q , i s much lower fo r p l a s t i c s . 
2 ,5 Track Revela t ion and Counting 
2 , 5 . 1 P r e f e r e n t i a l chemical e tching 
There a re number of e tching t e c h n i q u e s . We a re mainly 
concerned wi th chemical e tch ing . The r a d i a t i o n damage t r a i l s 
a re more s u s c e p t i b l e t o chemical r e a c t i o n s as compared to o the r 
bu lk m a t e r i a l because of the la rge f r e e energy a s s o c i a t e d with 
t h e d i s o r d e r e d s t r u c t u r e . When these channe ls reach a width 
comparable t o the wavelength of v i s i b l e l i g h t , they a c t as 
s t rong s c a t t e r i n g c e n t r e s appearing b l a c k in normal b r i g h t 
i l l u m i n a t e d f i e l d and can be seen under o p t i c a l microscope. 
Each SSNTD has i t s own etch pa rame te r s . The choice of e tching 
s o l u t i o n , t h e temperature of the e t chan t and t h e t ime of e tching 
a re t h e c r i t i c a l parameters which must be taken i n t o cons idera t ion 
dur ing e t c h i n g p r o c e s s . Btcbing s o l u t i o n should be so chosen 
t h a t the t r a c k s with very small angles a r e produced and the 
sur face of d e t e c t o r remains o p t i c a l l y t r a n s p a r e n t . The etched 
t r a c k s should a lso have r egu la r geometr ic shapes . 
The r a t e of chemical a t t a c k a long t r a i l s of r a d i a t i o n 
damage I s c a l l e d t r a c k etch r a t e , V- and t h a t along undamaged 
bulk m a t e r i a l i s c a l l e d bulk etch r a t e , Vg, The shape of the 
t r a c k s depend upon the r a t i o of the t r a c k e tch r a t e V„ to the 
bulk e tch r a t e V^. The a c t i v a t i o n energy fo r t h e damage reg ion 
u 
i s higher as compared to that of remaining hulk mater ia l . 
Therefore Vm/V^ > 1 and thus the etchant produces a conical 
etch p i t having a cone angle (Figure 2 , 3 ) . 
For etched tracks to appear there i s a cer tain c r i t i c a l 
angle 0 , the angle "between the plane of material and the 
d i r ec t ion of pa r t i c l e s below which t racks wi l l not he reg is te red 
"by chemical etching although the condition V^  > V^  is s a t i s f i e d . 
To understand i t suppose a charged p a r t i c l e i s incident at angle 0 
with respect to the detector surface as shown in figure 2 . 3 . 
After the etching time t , the track length etched wi l l he V^.t 
and the thickness of hulk material removed wi l l he Vj,.t. Ohviously, 
the recorded t rack wi l l he observable only if the ve r t i ca l 
component of V-,.t i . e . V-,.t.Sin9 where 9 i s the angle of incidence 
with respect t o the detector surface i s g rea te r than V^.t . 
C r i t i c a l angle i s given by 
9^ = Sin"^ ( \ A T ^ • • • ^"-^^ 
Generally Vp is much smaller than V and almost all the 
tracks appear in the detector and are cylinderical in shape 
when V^ > V(,. 
The etching efficiency, defined as the fraction of tracks 
intersecting a given surface that are etched on the surface under 
specified conditions of the detector depends upon the critical 
angle and is given by 
= 1 - Sin 0 ^  = 1 - Vg/V^ 
(a) 
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Fie . 2 .3 (a) Shov/s the shaoe of the etched track when V^/V- < 1. 
Ul i 
(b) \lo t rack formation, as the surface i s removed a t a ^rtdti; 
ra te than the normal component of Vy 
(c) Sin \ V / Y - is the c r i t i c a l anale 9 above which t racks 
b i " C 
are r e g i s t e r e d . 
The etch rates depend upon (i) the composition of 
material, (ii) the nature of the damage produced by the charged 
particle, (iii) etchant parameters and (iv) etching time. 
2,5.2 Counting of Tracks 
(i) Optical Microscope 
It is the Tsost saitahle method used lor counting the 
tracks in SSNTDs. After the chemical etching of a SSNTD , the 
tracks of particle can he easily counted hy an optical microscope 
using ordinary magnification. In the case of normal or near 
normal incidence, the microscope can he focussed on the surface 
of the detector where the intersection of the conical tracks 
with the surface is observed as dark circular spots. The tracks 
can be easily distinguished from the background scratches etc. 
in the detector. Optical microscopy has been found to be highly 
useful and convenient for obtaining track parameters and 
densities, although the counting through a microscope is a 
cumbersome process, 
(ii) Spark Counting System 
The spark counting technique was first devised by Cross 
and Toramasino (1970), This technique is very common in most of 
the laboratories because It is efficient, fast, reliable and 
20 does not require highly expensive and sophisticated equipment , 
It is specially useful for counting low track densities. In 
this technique a thin detector ( 10-20 um thick) in which the 
n r 
tracks are etched through is placed hetween a flat high 
voltage electrode and a thin aluminium electrode. The thin 
Al-electrode is an aluminized polyster film such as aluminized 
inyler. Through an RC network a high DC voltage is applied and 
causes a spark to occur through one hole in the film. The 
energy carried by the spark is sufficient to evaporate a larger 
area (< 0,1 nnn in diameter) in the thin Al-electrode, leaving 
the corresponding hole electrically isolated which inhibits the 
occurance of further spark in it. The spark, therefore, passes 
through another hole, jumping from one hole to another until it 
has passed through all the holes and the discharge then stops. 
As a result, the thin Al-electrode, once removed, exhibits the 
distribution pattern of the tracks on the original detector 
and allows their counting by naked eye, if not too numerous. 
The current pulses of the sparks can also be counted directly 
by scalar and thus provides the measurement of the track 
density within seconds. 
2.6 Application of Track Detectors 
The technique of solid state nuclear track detection 
has found applications in almost every branch of science and 
technology. It has diverse applications as evident from the 
lists given in the table (2.1). Some of these are discussed 
below. 
In nuclear detectors it is not sufficient only to 
count the numbers or to measure the energy of the particle, but 
n 
Table-2.1 
Applications of Plastic Track Detectors 
Field Application 
Anthropology 
Astrophysics 
Biophysics 
Chemistiy 
Avionics 
Botany 
Dosimetry 
Environmental physics 
Geocbronology 
Geochemistry 
Medical technology 
Nuclear Physics 
Uranium in fossils and age determination 
Super heavy elements in cosmic rays. 
Detection and identify "bacteria viruses 
and other small living things. 
Analysis of fissionable elements 
(U, Th, Pu, Li, B, N, 0). 
Flight times and altitudes of birds. 
Distribution of boron in plants. 
Quantify neutrons, protons, heavy ions. 
Radiation dosimetry and analysis of 
trace elements. 
Fission track dating. 
Distribution of U, Li, and B in nature. 
Diagnostic radiography. 
High resolution trace analysis, 
reaction cross sections, life times 
spallation studies, neutron dosimetry. 
Uranium exploration Radon emanation mapping. 
or-
also essential to determine the nature of these nuclear particles 
usually characterised hy their charge z and mass m. Generally, 
the detector system will record signals, depending on the 
properties of particle such as energy S, velocity V (=ftC), rate 
of energy loss dE/dx in the detecting medium etc. A successful 
system must collect a sufficient subset of these parameters 
to allow 2 and M to be determined. In the case of etched tracks, 
two parameters are usually measured; the track etching rate V^ 
and the residual range R, Therefore, by measuring R (Z,M,p) and 
V-, (Z,p) and considering the fact that the dependence of R upon M 
is weaker than its dependence on Z^ We can positively obtain Z 
and M by placing the restriction on the possible values of M 
for a given Z. 
Etched track detectors may be used to obtain detailed 
information on the charge and velocity of the incident particle 
as well as to measure the amount of radiation incident on a 
system with particular reference to the human body. The quantity 
usually measured is the dose of ionizing radiation absorbed by 
the body, SSNTD personnel dosimeters fulfil the requirements of 
the good dosimetry system such as robustness, simplicity, 
cheapness and easy to evaluate. The track etched detectors 
are being extensively used for alpha particle and radon dosimetry. 
Plastic and glass detectors have been employed in studying 
the cosmic ray fluxes at high altitudes of the earth. Passive 
detector assemblies are particularly useful in cosmic ray work, 
because of the necessity to lift the detector above the bulk 
of the atmosphere which so effectively shields the earth from 
these particles and places severe constraints on the conolexity 
of the detector systems that can he used. Some of the earliest 
studies of heavy prinary cosmic rays employed stacks of nuclear 
emulsions which are nowTseiir superseded by plastic track 
detectors. 
Another very important use of traca detectors is in 
elemental mapping through track registration technique. Almost 
all materials are known to contain traces of natural uranium. 
The concentration of fissionable material such as uranium could 
he determined hy irradiating a sample in contact with track 
detectors with thermal neutrons and counting the induced tracks 
235 from (n,fission) reaction on U. This principle can he 
applied to the measurement of concentration and distribution of 
a number of elements in variety of materials. The only 
requirement is that some highly or moderately ionizing reaction 
products should issue from the element in question. Thus the 
method is appropriate in many prompt reactions such as (n,t) 
or (n,<^) reactions also. 
If an isotope of the element of interest is radioactive 
and emits =v^  -particles, it may be possible to laap its distribution 
without the need for any irradiation, if its specific activity 
is high enough. Track registration techniques can also be apolied 
In metallography. To study the distribution of boron, the 
10 7 
reaction B (n,oC), Li can be employed with an alpha sensitive 
21 plastic , Many other elements cnn also be manped with track 
technique. 
Biological application of SSNTDs is a major field 
among i t s v e r s a t i l e app l ica t ions . Measurement of radon emana-
t ions in dwellings, mines and caves, which had an injurious 
effect on the inhabitants and mine-workers e t c , have been 
conducted throughout the world in search of the sources of 
radon in the environment. Radon dosimetry using track 
detectors w i l l be discussed somewhat in d e t a i l l a t e r . 
CHAPTER 
EXPERIMENTAL MEASUREMENTS 
Measurement of Exhalation of Radon In Solids 
5,1 Introduction 
Building mater ia ls are one of the main sources of 
radon ac t iv i ty inside dwellings. A large va r ia t ion in radon 
a c t i v i t y i s observed in dwellings as the uranium concentrations 
in natural materials used as 'building materials vary from 
place to place. Uranium i s a natural ly occurring rad ioac t ive 
t race element present in minute amount in almost a l l rocks, 
s o i l , sand and coal e t c . Uranium decays through radium and 
loroduces a gaseous decay product radon, a chemically iner t 
gas "Which can diffuse out of the material in to the atmosphere. 
Radon builds up rapidly inside buildings when the radium 
content in the mater ia ls i s high and/or ven t i l a t ion r a t e i s low. 
The emission of radon per unit area per uni t time i s 
ca l led exhalation r a t e and depends upon: 
( i ) Radium concentration in the material 
( i i ) Emanation factor of radon from material 
( i i i ) Diffusion coeff ic ient of radon in the mater ia l 
( iv) Porosity and density of the mater ia l . 
The human exposure to radiat ion is dominated by radon 
and i t s progeny. The building materials are the second most 
Important source of radon in a dwelling " , Recently di f ferent 
waste materials produced by power p lan t s , chemical and 
metal lurgical industry are commonly used as bui lding ma te r i a l s . 
Some of them (f lyash, s lag , by-product gynsinn e t c . ) contain 
appreciable amount of natural radionuclides from the uranium 
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and tborl i ra s e r i e s and may be a p o t e n t i a l r i s k t o t h e 
popu la t i on . In some c o u n t r i e s , the b u i l d i n g b locks a r e made 
almost e n t i r e l y from f lyash and the houses b u i l t from these 
23 blocks have been found t o have enhanced radon concen t r a t i ons 
Stranden (1983) has shown tha t when f lyash i s t h e main 
component of t h e b u i l d i n g m a t e r i a l , the exposure t o gamma 
r a d i a t i o n and radon l e v e l s i s i nc rea sed . 
There fo re , t h e r e i s a need for developing simple and 
e f f i c i e n t measuring methods and performing i n t e n s i v e s t ud i e s 
for g e t t i n g r e p r e s e n t a t i v e data about t h e r a d i a t i o n l e v e l s due 
t o tjT)ical waste and cons t ruc t ion m a t e r i a l s . For p r e d i c t i o n 
of the l e v e l of r a d i a t i o n hazard of v a r i o u s s o l i d s an es t imat ion 
of the r a t e of t h e i r radon exhala t ion i s of prime importance. 
The radon exha l ing p r o p e r t i e s of porous m a t e r i a l s , 
both n a t u r a l l y occu r r ing l i ke s o i l , coal and rocks and man made 
l i k e mining w a s t e s , f lyash and many b u i l d i n g m a t e r i a l s have 
25—28 been the object of s e v e r a l i n v e s t i g a t i o n s . The e a r l i e s t 
of t hese i n v e s t i g a t i o n s deal t almost e x c l u s i v e l y wi th measurement 
of radon e x h a l a t i o n from the s o i l as a geophys ica l i n d i c a t o r , 
l i k e the use of radon or i t s daughter p roduc t s as t r a c e r s 
29-31 for me teo ro log ica l phenomena , However, t h e i n t e r e s t in 
r a d i o a c t i v e p r o p e r t i e s of these m a t e r i a l s has inc reased markedly 
because i t has been r e a l i z e d t h a t some c o n s t r u c t i o n m a t e r i a l s 
might r a i s e the concen t r a t ion of a i r b o r n e r a d i o a c t i v i t y in 
indoor a i r t o unaccep tab le l eve l s e s p e c i a l l y a t low v e n t i l a t i o n 
r a t e s . 
Although the basic theory of radon exhalation is the 
same whether the radon conies from the soil or from porous 
solid samples like coal, flyash and sand etc. However, some 
features of the exhalation process are very different in the 
two cases. For exhalation from the soil, the measurements are 
limited to exhalation from a very small part of the exhaling 
surface, although the sample can be considered to be extended 
indefinitely in the exhalation direction. As far as radio-
activity, porosity and permeability etc, are concerned, the 
scaling up results obtained for one small area to large areas 
is only a question of homogeneity. Similar methods have also 
32 been applied in case of building materials . 
Commonly used and one of the most simplest efficient 
methods in cases where only a limited sample is at hand, is 
to place the specimen to be studied in the lower part of a 
sealed cylinderical Can and to fasten a piece of alpha sensitive 
33 
etch track detector on the inner top surface of the Can , By 
using this simple measuring device a large number of time 
integrated radon exhalation measurements can be performed with 
using only relatively small amount of the sample. The "sealed 
Can technique" for measuring radon exhalation from solids hag 
been used in combination with several active measuring 
34-37 techniques . The measurements are expected to be influenced 
by the geometry and dimension of both the specimen and the 
measuring Can, Therefore, it is important and advisable to 
calibrate the track detector in a controlled exoerimental 
1 i.. 
set-up of known radon ac t i v i t y and simulating the atmospheric 
conditions to ohtain the radon ac t iv i ty h u i l t up in the Can 
from the track density in the detector exposed. Tho reduction 
in the radon exhalation of a sample under steady s t a t e conditions 
2k 27 in a sealed Can has been reported ' and has been referred 
38 to as "back diffusion" phenomenon. I t has been shown tha t 
using the technique of sealed Can equipped with t rack detector 
many important parameters such as areal and mass exhalation 
r a t e s , effective diffusion length, emanation coeff ic ient of 
radon transport in sol ids can be determined with reasonable 
accuracy. 
3.2 Theory of exhalation 
For a given material, radon exhalation has been defined 
in Bq Kg~ h" at which radon escapes from the surface into the 
35 39 
surrounding air . The theory of eidaalation from enclosed 
28 38 40 
samples has been discussed by many workers ' ' . For 
exhalation rate from solids, it is assinned that a slab of 
specimen of thickness L and volume V- = A.L, is enclosed in a 
of 
cylinderical Can of cross sectional area A, An air volume 
Va = A.h is over the specimen and an alpha sensitive plastic 
track detector is mounted at the centre of the inner top of 
the Can (Figure 3.1). Under steady state conditions radon 
concentration gradient exists only in the direction of depth. 
If th« total exhalation rate (number of atoms per unit time) 
of the samples is C, the radon concentration (number of atoms 
per unit volume) N will grow with the time t according to the 
/ n 
Lid of the Can 
Track d e t e c t o r 
P l a s t i c Can 
Sample (Sotuci) 
F i g . 3 .1 Laljoratory measurement of radon a c t i v i t y in sofiji^. 
equat ion ' 27 
dt Va 
where X ^ ^ t h e decay cons t an t fo r radon« 
(3.1) 
It is assumed that radon atoms are removed from the container 
only hy radioactive decay and C is assumed to be constant, 
independent of N, The solution of the equation is given hy 
N = 
Av, 
d-e" ^*) 
a 
(3.2) 
o r expressed as a c t i v i t y 
»a L 
l -exp (- Xt) (3.3) 
The sealed Can t echn ique can he used t o find the 
e x h a l a t i o n r a t e from the measured a c t i v i t y ins ide t h e Can and 
may he c a l c u l a t e d from t h e i n t e g r a t e d va lue s given hy the 
33 d e t e c t o r usin» the formula 
R = 
B .A 
X 
> ^ -a 
l - e x p ( - A T ) d t (3.^) 
This will lead to the expression for areal exhalation rate E. 
B 
R V^A 
A ^T •a^exp(-AT)-l)" 
(3.5) 
where R is integrated radon exposure as measured hy plastic 
track detector (Bq n ) 
Vg is tbe volume of the Can 
I -1 \ 
-\ is the decay constant for radon (hr ) 
T is the exposure time (hr) 
2 
A is the area covered "by Can (m ) 
Mass exhalation rate EL, is given hy the expression 
A ^ \ ^ 
"M AM M [T •J^^esp(-AT)-I)] 
where M i s the mass of the sample. In the present s tud ies 
the sealed Can technique has been applied for the measurements 
of radon exhalation r a t e from sand, flyash and so i l samples 
used in the construction of bricks and also as bui ld ing 
mate r i a l s . 
3.3 Measurements 
The coal and flyash samples were col lected from a 
thermal power s ta t ion and sand and soi l from the l oca l a rea . 
They were dried and placed in the Cans which were then sealed 
a i r t i g h t . The samples were taken in the Can upto leve l such 
that i t leaves a sens i t ive volume same as that in the ca l ibra t ion 
exper impnt^dia .7 ,0 cm and height 4.5 cm). Each Can was 
equipped with a LR-115 type I I p l a s t i c t rack de tec to r of 
of 
2 cm X 2 cm size which was "itsed at the top insideji^the Can, 
The sens i t ive lower surface of the detector i s f ree ly exposed 
to the emergent radon so that i t can record the alpha pa r t i c l e s 
resul t ing from the decay of radon in the whole volume of the 
Can, Radon and i t s daughters wi l l reach an equilihrinm 
concentration after a week or more. Hence the equilihrium 
ac t iv i ty of emergent radon can he obtained. These samples 
placed in sealed Cans were l e f t for esposure for 90 days. 
After exposure the de tec tors from a l l Cans were re t re ived . 
For the reve la t ion of t racks , the detectors were etched 
in 2,5N NaOH at 60 C for 90 min, which are the optimum etching 
conditions for LR-115 type I I detector . The etching was done 
hy hanging the detectors in the etching solut ions contained in 
a cyl indr ical flask and maintained at a constant temperature 
with + 1 C accuracy by placing i t in a thermostatic water ba tn . 
After the etching, the de tec tors were washed thoroughly in 
-llowinj; tap water for 5 to 10 minutes. After washing with the 
tap water, the detectors were again washed thoroughly with 
double d i s t i l l e d water and then dried. The region of the 
detector damaged due to the passage of alpha p a r t i c l e s is 
attacked more rapidly by the etchant than the surrounding 
bulk material . After the pre fe ren t ia l chemical a t tack , damased 
region is enlarged in the form of a conical e t c h - p i t , ¥hen 
the size of the e tch-p i t becomes comparable to the wavelength 
of v i s ib le l i gh t a f t e r proper etching, i t s t a r t s sca t te r ing 
the l ight and can be observed through an opt ical microscooe. 
After etching, the r e su l t ing alpha t racks on the 
exposed face of the de tec tor pieces were scanned under op t i ca l 
research microscono at a magnification of 450X The track 
densities were determined by counting the tracks in the entire 
area of the detector. 
From the track density, the activity was obtained 
using the calibration factor determined from the calibration 
41 
experiment . The c a l i b r a t i o n f a c t o r for LR 115 type I I used 
-2 -1 -3 
in the cup geometry i s taken as 0.056 Tr Offi d /Bq m 
5.4 Resu l t s and Discuss ion 
The e x h a l a t i o n r a t e s have been obta ined using the 
expression g iven by equa t ion 5 . 6 . The va lues of radon a c t i v i t y 
in the Can and t h e c a l c u l a t e d va lues of e x h a l a t i o n r a t e s are 
p resen ted in t h e t a b l e - 5 . 1 . I t can be seen from the r e s u l t s 
t h a t t h e radon a c t i v i t y v a r i e s from 755.7 Bq m "^  to 855.2 Bq m""^  
-3 -3 
in flyash samples , from 635.5 Bq m t o 777.7 Bq m in coal 
-3 -3 
saraoles and from 491.1 Bq m t o 760 Bq m in s o i l and sand 
samples whereas the radon exha la t ion r a t e s vary from 
12.65 X lO"^ Bq Kg'^ h"^ to 17.59 x lo '-^ Bq Kg"^ h ' ^ in flyash 
samples, from 12.05 x l o " ^ Bq Kg"^ h~^ t o 15.46 x l o " ^ Bq Kg'^ h"^ 
-3 -1 -1 -3 
in coal samples and from 4,89 x 10 Bq Kg b to 10.83 x 10 
-1 -1 Bq Kg h in s o i l and sand samples. 
The exper iments show tha t i n s p i t e of enhanced uranium 
/ \ 42 
(or radium) c o n c e n t r a t i o n s in f lyash as comoared t o coa l , 
the radon e x h a l a t i o n r a t e s of f ly ashes a r e not enhanced. The 
r e s u l t s are in agreement with t h e measurements of Somogyi e t a l , 
who have found the e x h a l a t i o n r a t e s unusua l ly low in f lyash 
samples c o l l e c t e d from d i f f e ren t Hungarian power p l a n t s . The 
Ta'ble-3.1 
Radon ac t i v i t y and exhalation ra te In dif ferent sol id materials 
1 1 1 
Track density Radon activity Exhalation 
rate (B^^) 
(Tr cni'^  d"^) (Bq m'^) (m Bq Kg"^ h""^ ) 
1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 
1 0 . 
1 1 , 
1 2 . 
1 3 . 
1 4 . 
1 5 . 
1 6 . 
1 7 . 
Flyash 
M 
n 
Coal 
n 
« 
n 
w 
Sand 
n 
So i l 
n 
n 
It 
H 
It 
« 
Arith.Mean 
Std.Dev. 
Rel.Std.(f«) 
42.32 
45.52 
46.77 
41.19 
39.74 
38.04 
35.59 
43.55 
33.84 
42.56 
40.88 
33.22 
42.37 
34.13 
28.88 
27.5 
42.56 
-
-
-
755.7 
-812 .8 
835.2 
735.5 
709.6 
679.3 
633.5 
777.7 
604.3 
760.0 
730.0 
595.2 
756.6 
609.5 
515.7 
491 .1 
760.0 
691.86 
97.80 
14 
15.04 
17.59 
12.35 
14.05 
15.46 
13.52 
12.34 
12.05 
5.23 
5.82 
10.33 
5.95 
5.99 
5.70 
5.99 
4.39 
0.97 
10.21 
4.25 
41.58 
following conclusions can "be drawn from the measurements. 
* The radon exhalation ra te is s l i g h t l y higher in coal as 
cocpared to flyash although uranium content in flyasb is 
enhanced by coal combustion. 
* The exhalation ra te in sand and s o i l samples i s low as 
compared to coal and flyasb. 
* Flyash which is available in plenty as the waste product 
in thermal power p lan t s , is frequently used in the production 
of br icks and also as construction m a t e r i a l . I t is 
des i rable to have the measurements of uranium content, 
gamma a c t i v i t y and radon erfialation r a t e s in them. 
* Indiscriminate use of flyash as bui lding material may enhance 
the indoor radon levels to pose a p o t e n t i a l radiat ion r i s k 
to the population. 
Radon and its Progeny Measurements In Dwellings in Debradun 
3.5 Indoor Radon 
222 
The radon ( Rn) and its daughters are the major 
contributers to the total radiation dose to human beings. 
222 Elevated levels of Rn have "been found in certain type of 
human dwellings. This depends essentially on the soil beneath 
the bouse, building materials and ventilation features etc. 
Like an}"- other airborne pollutant,concentration of indoor radon 
and its progeny depends on three factoi^ jthe rate of production 
or entry, the ventilation rate and the rate of translocation 
or chemical or physical transformation to any other product. 
A fraction of solid radon decay products released into the 
atmosnhere are attached to the aerosols and become airborne. 
After inhalation, radon progeny may get deoosited in the 
tracheo-bronchial and pulmonary regions of the lungs causing 
continuous in-situ irradiation of the lung tissues by aloha 
particles. 
Atomic Minerals Division of the Department of Atomic 
i^^ ergy, Govt, of India identified some areas as high background 
areas. Comparatively higher levels of uranium and thorium have 
been found in soil of these regions. Dehradun situated in the 
state of Utter Pradesh is one of them. In present study time 
integrated measurements have been made in various dwellings 
in Dehradun to obtain time averaged radon measurements. 
3.6 Radon Measurement using Solid State Nuclear Track Detectors 
(SSNTDs) 
Solid state nuclear track detectors con be used both as 
active and passive devices for radon measurements. In an active 
device, there is an air gas flow system ty which radon daughters 
attached to aerosols are collected on a filter paper in front of 
the track detector. The detector is located at a fixed distance 
from the filter paper to record alpha particle emission from the 
collected daughter nuclei. CR-39 or cellulose nitrate plastic tr? 
detectors are employed here. Such a device was used hy Abu-Jarad 
and Fremlin (1981) called a 'Working Level Monitor'. Several 
other active dosimeters have "been employed by many investigators 
for radon measurements. These dosimeters have some disadvantages 
like dust clogging on the filter which causes a decrease in the 
air sample rate of the pump. These dosimeters can not be used 
for environmental monitoring on a large scale due to being 
inconvenient, time consuming and uneconomical. At the same time 
fluctuations in radon concentration due to metereological factors 
require the time integrated measurements. 
Passive dosimeters do not rely on collecting the radon 
daughters. Their sensitivity results from contact with the 
ambient air and the recording of alpha particles emitted by 
air-borne radionuclides. Passive dosimeters have the advantage 
of the relative simplicity of design. Track etch detectors have 
more favourable characteristics for use as passive dosimeters. 
For the integrated and long term measurements the passive 
devices are used in various modes. 
3.5.1 Bare mode 
In t h i s mode, a detector piece of small size ( i . e . 
<J r . 
2 x 2 cm) i s mounted on a t h i ck card of a"bout 4 x 4 cm s i z e 
which i s f ixed on the wal l or o ther p l ace such t h a t i t views 
a hemisphere of a i r a t l e a s t / r a d i u s 9.1 cm (range of >C-par t i c l e s 
212 
emitted from Po in a i r ) for thoron daughters and w'nen only-
radon i s p r e s e n t t he corresponding r a d i u s should he 6.9 cm 
214 N 
(range of <=>C-particles emit ted from Po in a i r ) . No o the r 
ma te r i a l should "be p re sen t in t h i s hemishere as daughters p l a t e 
out would i n t e r f e r e in the measurements, adding i n d e f i n i t e 
numher of t r a c k s . The b a r e de t ec to r r e g i s t e r s radon as we l l as 
ambient daugh te r t r a cks p l a t i n g out d i r e c t l y on the d e t e c t o r . 
The t r a c k d e n s i t y of a ba re de t ec to r w i l l , t h e r e f o r e , be a 
funct ion, not only of radon, but a l s o of the degree of e q u i l i b r i u 
of radon wi th i t s d a u g h t e r s , 
3 .6 ,2 Cup mode 
In this mode radon diffuses in to a closed chamber 
where the radon and its daughters in a given volume and the 
plate out from walls of the chamber register tracks in the 
detector. There are different types of exposure in this mode 
using plastic track detectors. 
3.6.2.1 Open cup 
A p l a s t i c cup of known height and diameter i s f i t t e d 
with a p l a s t i c t r a c k d e t e c t o r a t t ached t o the In s ide bottom of 
the cup. Th i s 'cup mode' exposure i s used in s o i l a i r 
measurements for minera l exp lora t ion and d e t e c t i o n of se ismic 
events . The assembly of d e t e c t o r can a l s o be used for the radon 
exha la t ion study frotn d i f f e r en t m a t e r i a l s u r f a c e s . In add i t i on 
218 2lk 
t o radon g a s , alpha p a r t i c l e s from Po and Po due t o t h e 
p l a t e out from the wa l l s of the cup a r e a l s o r e g i s t e r e d on the 
track detector, 
3.6.2.2 Cup with Membrane 
The open mouth of the cup is covered with a semi-
permeable plastic membrane ' . The membrane slows down the 
normal diffusion of noble gases into the cun and thus 
discrirninates against Rn (TI = 55 sec.) while permitting 
222 60-70f« of Rn (TJL = 3.S days) to enter the cup. This 
configuration is useful to eliminate thoron interference and 
water condensation. The cup with membrane configuration also 
prevents the entrance of radon daughters and can be used as a 
'radon only' device. 
5.6.2.3 Cup with filter 
The open mouth of the cup is covered with a hydrophobic 
raicroporous filter (Celanese Corp., Celgard 45iO) which permits 
complete infiltration of radon isotopes but discriminates 
against the non-gaseous radon daughters. Due to its higher 
sensitivity to radon, this configuration is preferred to the 
membrane in all 'radon-only' applications where thoron is not 
an important component. 
3.6.3 Dosimetry 
Radiation dosimetr}' deals with the quantitative 
laeasurements of rad ia t ion in the un i t s of exposure dose, 
a"bsorl)ed dose or dose equivalents . Inhalat ion of radon poses 
no health r i sk d i r e c t l y as i t is exhaled eas i ly , t a t i t s decay 
products attached to aerosols can Tje deposited in the Tracheo-
E.ronchial (TB) and Pulmonary(P) regions of the lungs. As the 
effective h a l f - l i f e of radon decay products is long as compared 
to t h e i r radioact ive half l i v e s , a l l the deposited radon 
daughters decay i n - s i t u at the s i t e s of deposition , before 
they can "be t rans located "by physiological processes. Thoron 
daughters contribute l i t t l e only about 1/3 of the alpha energy 
to the basal layer of bronchial enitheliuin since the half l i f e 
of Pb is coraparatively long ('^10 hrs) . The ent i re alpha 
energy froa radon decay products i s deposited in the lung t i s s u e . 
Therefore, special unit being defined in radiat ion protect ion 
apnlicat ions has been taken. The unit i s tbe so called 'Working 
Level ' or ig ina l ly defined as tbe Po ten t ia l Alpha Energy (PAK) 
l ibera ted by the complete decay of each of the radon decay 
products in secular equilibrium with 3.7 Bq (100 pel) of radon 
per l i t e r of a i r . The concept has been explained in tab le 3 .2 , 
Since complete equilibrium between radon and i t s decay 
products is never rea l i sed in p r a c t i c e , the def in i t ion of 
Working Level has be«n modified as any combination of radon decay 
2l0 product concentration such that on ult imate decay to " Pb, the 
-3 po ten t i a l alpha energy released should be 20,8 J^Jm , If the 
concentrations of radon and i t s decay products are simultaneously 
measured, one can get an idea of the equlltbriura s t a tu s . The 
equilibrium factor for radon daughters can be given a s -
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where WL is the decay product concentration in WL units 
RQ is the radon concentration (Bq m ) 
F is the equilit)riuni factor . 
-3 3700 indicates the radon concentration in Bq m which in 
equilibrium wi l l correspond to 1 WL. 
¥hen the equilibrium factor P has not been experimentally 
determined or can not be determined for any reason, ICRP has 
suggested tha t a figure of 0,5 may be taken for i t which wi l l 
almost ce r ta in ly overestimate the exposures calculated using 
th is value , From *^orking Level measurenents the dose equiva-
lents to a par t or the whole body can be deduced with the aid of 
equilibrium factor and occuisational f ac to r , 
3.6,k Inha la t ion Dose 
Inhala t ion of radon as a causative agent for the incidences 
of lung cancer has be'^n well es tabl ished. While breathing, 
inhaled radon and i t s a i r-borne progeny can be trapped on the 
bronchial airways. The short lived radon progeny may decay 
in-s i tu i r r ad ia t ing the sensi t ive basal c e l l s located in the 
bronchial t r a c t . The deposited radionuclides i r r ad ia t e ce l l s 
in the v i c in i t y t i l l t h e i r complete decay unless they are 
translocated by any physiological process . Tracheo-Bronchial 
(T-B) is the most probable region of the r e sp i ra to iy t r a c t 
where radon progeny are l ike ly to be deposi ted . 
Dose absorbed by lung t i ssues depends primarily on the 
poten t ia l alpha energy of radon and i t s progeny. Using 
equiliTDriuc factor (F)^ potent ia l alpha energy exposure Ep can bp 
deduced from the radon ac t iv i ty (Rn^* '^^^ annual exposure to 
po ten t ia l alpha energy (expressed in terms of WM/Y) can be 
7 
related to the average radon concentration B^ as 
%, = (8760 n F Rn)/(170 x 3700) 
where n i s the occupancy factor (fract ion of time spent in 
indoors); 8760 is the t o t a l number of hours in a year and I70 
is the working hours/months (Therefore, VIM = I70 SIITL). Assuming 
the occupancy factor to be 0,S»annual exposure can be found as 
Bp = 0.011 F RQ 
Now, by applying the dose conversion fac tor 9 mSvA I^M proposed 
.52 by ICRP (1986) the annual exposure to the T-B and P regions 
of the lungs can be calculated as the effective^ 
in tenns of mSv/Y. 
3.7 Alpha Track Detectors ^^ .^ ^ ^ ^^^ 
CR-39 polycarbonate (Persbore Mouldings,U.K.) and LR-II5 
Type I I ce l lu lose n i t r a t e (Kodak-Pathe,France) are the two most 
popular alpha sensi t ive t rack detectors used in radon dosimetry. 
Chemically CR-39 is a l l y l diglycol carbonate which i s a p l a s t i c 
with very high ootical c l a r i t y . I t can homogeneously record 
5:< 
alpha tracks of a wide range of energy (O.l - > 50 MeV). CR-39 
i s insensi t ive t o i and x-rays. Among the p l a s t i c detectors 
i t has maximura t rack r eg i s t r a t i on eff iciency. Being exceptionally 
sens i t ive , unce r t a in t i e s due to the background and pla te-out 
effect , can cause a possible over-estiraation of the values , 
LR-II5 Type I I film consists of a th in alpha sens i t ive 
layer of ce l lu lose n i t r a t e (12 um thick) coloured deep red 
coated on a po lys t e r base (100 pm t h i ck ) . These films are 
sensi t ive to alpha p a r t i c l e s of energy range 0,1 to 4 MeV, They 
are unaffected by e lec t rons , x-rays, i -rays and infrared 
rad ia t ions . Since the sens i t ive film i s coloured tracks can 
be scanned eas i ly by the great cont ras t . 
Since the detector i s sensi t ive t o only a specific range 
of energy, i t i s ideal for the use in radon dosimetry. I t is 
has 
free from p la te -out effect anc^less background t racks as corapared 
to CR-39. In dusty atmospheres where th'^ p la te -out effect wil l 
be high, LR-II5 i s ideal for the measurements of radon and i t s 
progeny l e v e l . 
3.7»1 Cal ibra t ion of the Detector 
For measurement of radon and i t s daughter concentration 
using track de tec tors i t i s necessary to c a l i b r a t e the detector 
to get a d i rec t corre la t ion between the t r ack density and the 
quantity measured. 
The ca l ib ra t ion of the detectors was carr ied out in a 
cnl ibrnt ian chamber with controlled condit ions to simulate the 
atmosphere at Bbabha Atomic Research Centre, Bomhay, Precisely 
known concentrations of radon and its progeny, aerosols of 
desired size and concentration, controlled humidity and 
temperature etc. were some of its features. Detectors in 
different modes and assemhlies suitable for various measurements 
were calibrated for wide range of radon levels. The details of 
41 
the experiment are given elsewhere . Using the ca l ib ra t ion 
curve of each assembly radon and/or i t s progeny level can he 
obtained from the track density on the exposed detector, 
3.8 Experimental Detai ls 
Track etch technique has "been employed for the passive 
222 time in tegrated measurements of the radon ( Rn) concentration 
as well as t o estimate the Poten t ia l Alpha Energy Exposure (PA5E) 
levels from the short l ived radon daughter products, LR-II5 
type I I detectors manufactured "by Kodak Pathe, France have been 
employed to detect alpha p a r t i c l e s emitted from radon and i t s 
decay products . The detectors were exposed in 'Bare' mode for 
which small pieces (2 cm x 2 cm) of the detectors were mounted 
on thick f l a t card. They were fixed in dwellings in Dehradun 
for a period of 90 days and due t o being in contact with ambient 
a i r they could record tracks of alpha p a r t i c l e s originated from 
radon as well as airborne radon daughter products . 
After the exposure, the detectors were retr ieved and 
brought back to the laboratory. The l a t e n t tracks were revealed 
by chemical etching in 2,5N NaOH a t 60 C for 90 minutes. The 
developed tracks were counted using an op t i ca l research 
microscope with magnification h50 X. The whole area of each 
detector was scanned to get average t rack density and rninlmize 
the uncer ta in t ies due to counting s t a t i s t i c s , PA5E level in 
iii¥L was obtained d i rec t ly from the track density using the 
ca l ih ra t ion curve. The ca l ih ra t ion factor used for ohtaining 
2 1 
PASE was hh2 + 60 (Tracks cm d" A L ) . The de ta i l s of the 
ca l ih ra t ion experiment are described elsewhere . 
Assuming the eqailihriura factor ' F ' 0.45 , for a typica l 
Indian dwelling, the radon concentration was obtained using 
the r e l a t i o n 
R . 3700 XVL 
The exposure dose to the basal thin layer of Tracheo-
Bronchial (T-B) and Pulmonary (P) regions of the lungs are also 
calculated in terms of the effective dose equivalents using the 
dose conversion. Since the radiation dose imparted to the lungs 
cannot be measured directly, it is determined from the inhaled 
potential alpha energy intake using a conversion factor formulated 
from dosimetric models. The real impact of radiation exposure 
on health depends on the biological effectiveness of the absorbed 
dose by the tissues in consideration, 
3.9 Results and Discussions 
Table 3.3 presents the results for the potential alpha 
activity, radon concentration and effective dose equivalents 
for 53 exposures made in different type of rooms in the 10 
f i 
1 . 
2 . 
3 . 
^ . 
6 . 
7 . 
8 . 
9 . 
1 0 . 
1 1 . 
1 2 . 
1 3 . 
I ' i . 
1 5 . 
1 6 . 
1 7 . 
1 8 . 
1 9 . 
2 0 . 
2 1 . 
2 2 . 
2 3 . 
2 4 . 
2 5 . 
2 6 . 
2 7 . 
2 8 . 
2 9 . 
3 0 . 
3 1 . 
3 2 . 
3 3 . 
Radon L e v e l s 
L o c a t i o n 
Drawing Roons 
D-1 
D-2 
D-3 
B-k 
B-5 
D-6 
D-7 
D-8 
Bed Rooms 
B-1 
B-2 
B-3 
B-k 
B-5 
B-6 
B-7 
B-8 
B-9 
B-10 
B-11 
B-12 
B-13 
K i t c h 
K-1 
K-2 
K-3 
K-k 
K-5 
K-6 
K-7 
K-8 
K-9 
S t o r e 
S-1 
S-2 
S-3 
ens 
Rooms 
A r i t h . M e a n 
Std .Dev, 
R e l . S t d , 
• 
.Dpv.if'O 
in 
Po t 
T a b l e - 5 . 
d w e l l i n g s 
e n t i a l 
a l p h a 
a c t i v i t y 
(aWL) 
6 . 2 
7 .2 
8 . 5 
5 .3 
k,7 
3 . 7 
4 . 1 
4 . 4 
3 .8 
6 . 5 
5 .9 
3 .6 
5 . 1 
2 . 9 
2 . 2 
3 . 5 
2 . 0 
3 .9 
1.8 
5 .3 
2 .0 
5 .2 
6 . 7 
6 . 1 
2 .8 
3 .4 
6 . 5 
4 . 6 
6 .0 
4 . 3 
4 . 3 
4 . 1 
4 . 3 
4 . 5 7 
1.61 
35 
.3 
J of Dehradun (U 
« 
Radon 
c o n c e n t r a t i o n 
(Bq m"^) 
50 .S 
59 .0 
6 9 . 7 
4 3 . 5 
38 .5 
3 0 . 3 
3 3 . 6 
3 6 . 1 
3 1 . 2 
5 3 . 3 
4 8 . 4 
2 9 . 5 
4 1 . 3 
23 .8 
1 8 . 0 
2 8 . 7 
1 6 . 4 
3 2 . 0 
1 4 . 3 
4 3 . 5 
16 .4 
4 2 . 6 
5 5 . 0 
5 0 . 0 
2 3 . 0 
2 8 . 0 
3 7 . 7 
4 9 . 2 
3 5 . 3 
3 5 . 3 
3 3 . 6 
3 5 . 3 
3 7 . 2 6 
1 3 . 1 4 
35 
. P . ) 
E f f e c t i v e 
dose 
e q u i v a l e n t 
(TTISV Yr"^) 
1.9 
2 . 3 
2 . 7 
1.7 
1.5 
1.2 
1.3 
1.4 
1.2 
2 . 1 
1.7 
1.1 
1.6 
0 . 9 
0 . 7 
1.1 
0 . 6 
1.2 
0 .6 
1.7 
0 . 6 
1.6 
2 . 1 
1.9 
0 . 9 
1.1 
2 . 0 
1.4 
1.9 
1.3 
1.4 
1.3 
1.4 
1.44 
0 . 5 1 
35 
different difellings. The potent ial alpha a c t i v i t y and the 
radon concentration have been found to vary from 1,8 inWL to 
8„5 n¥L and frora 1^,8 Bq m to 69.7 Bq m"''. An attempt has 
been made to assess the dose to the lung a r i s ing from the 
inhalation of indoor radon daughters to the occupants of the 
houses where these measurements are undertaken, A conversion 
factor of 9 mSv/WI^ ! has been used as proposed in ICRP (1986) \ 
The annual effect ive dose equivalent i s found to vary from 
-1 -1 
0,6 ESV Yr to 2.7 mSv Yr . Dehradun has been identif ied as 
high background area and the soil in the region contains 
higher levels of uranium. The measurements were made in the 
winter months in which the rooms remain closed for a longer t ine 
The resu l t s indica te that the PAEE leve l s are found to have 
higher values than in the dwellings in other regions but l i e 
52 below the l imit 10 mVL suggested by US SAP . 
From the r e s u l t s obtained i t is found that the highest 
levels of radon concentration is seen in the drawing rooms 
followed by k i tchens , store rooms and bed rooms. 
In te rna t iona l Commission on Radiation Protect ion 
recommends a l imi t of annual effect ive dose of 1 mSv for the 
53 public exposure (ICRP,1990) , Even i f the obtained values 
are high as compared to th is l imi t , i t should be noted that the 
present measurements were made in winter , A study of seasonal 
var ia t ion of radon leve l s in dwellings shows t h a t for a re l iab le 
annual average the measurements should spread over a l l the 
seasons of the year . An invest igat ion held in winter was found 
h? 
to overestimate the annual average dose by a factor of about 
45 1,5 * Therefore, the obtained levels can be considered to be 
within the reconmended limit. 
An assessment made by Subba Ramu et al. (1990) in the 
high background regions in India shows that the potential alpha 
exposure varies between 1,5 m^ I^  and 21.9 mVL with a geometric 
mean of 9.4 mWL. The highest value of PAEB obtained in the 
present investigations is less than this value. 
The USSPA has suggested that immediate intervention is 
required only if the radon level is above 190 Bq m and the 
intervention may be considered when the level is between 40 and 
-3 
190 Bq m . Assuming these to be the equilibrium equivalent 
radon concentration values, the corresponding PASS levels will 
be 10 and 50 mWL respectively. The average value of PAES obtained 
from the present investigation is 4.57 mWL which does not call 
for any intervention. The measured effective dose equivalents 
52 
are slightly higher than the normal background value of 1.3 mSv/Y 
However, it does not demand any intervention since USSPA has 
recommended no intervention up to 3.5 mSv/Y. 
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